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I SUMMARY 

D i r e c t  c u r r e n t  a r c j e t s  have the p o t e n t i a l  t o  p rov ide  s p e c i f i c  impulses 
>500 sec w i t h  s t o r a b l e  p r o p e l l a n t s ,  and >lo00 sec w i t h  hydrogen. This  l e v e l  
o f  performance can p rov lde  s i g n i f i c a n t  b e n e f i t s  f o r  such a p p l i c a t i o n s  as o r b i t  
t r a n s f e r ,  s t a t i o n  keeping, o r b i t  change, and maneuvering. The s i m p l i c l t y  o f  
t he  a r c j e t  system and i t s  elements of commonality w i t h  s t a t e - o f - t h e - a r t  
r e s i s t o j e t  systems o f f e r  a r e l a t i v e l y  low r i s k  t r a n s i t i o n  t o  these enhanced 

rn l e v e l s  o f  performance f o r  low power (0.5 t o  1.5 kW) s t a t i o n  keeping app l l ca -  
rn t i o n s .  A r c j e t s  a t  power l e v e l s  o f  10 t o  30 kW a r e  p o t e n t i a l l y  a p p l i c a b l e  t o  

nuc lear  power systems, a r c j e t s  a t  greater than 100 kW may become a t t r a c t i v e .  
This paper descr ibes t h e  ongoing NASA/USAF program and descr ibes major recen t  
accomplishments. 

LD 
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u I o r b i t  t r a n s f e r  missions, Futhermore, w i t h  t h e  a n t i c i p a t e d  development o f  space 

I INTRODUCTION 

D i r e c t - c u r r e n t  a r c j e t s  have the p o t e n t i a l  t o  p rov ide  s p e c i f i c  impulses, 
>500 sec w i t h  s t o r a b l e  p rope l l an ts  and >lo00 sec w i t h  hydrogen ( f i g .  1) .  I, 

ThTs l e v e l  o f  performance has the p o t e n t i a l  t o  p rov ide  s i g n i f i c a n t  b e n e f i t s  
f o r  such a p p l i c a t i o n s  as o r b i t  t r ans fe r ,  s t a t i o n  keeping, o r b i t  change and 
maneuvering. Because o f  the broad range of a p p l i c a t i o n s  and t h e  p o t e n t i a l  
b e n e f i t s  f o r  a number o f  NASA and USAF missions, the A i r  Force As t ronau t i cs  
Laboratory (AFAL) and the  NASA Lewis Research Center have agreed t o  pursue a 
j o i n t  research and technology program ( r e f s .  1 and 2 ) .  I t  i s  the goal  o f  the 
program t o  advance t h r u s t e r  and systems technologies s u f f i c i e n t l y  t o  demon- 
s t r a t e  technology readiness f o r  near-term a p p l i c a t i o n s  w h i l e  a l s o  developing 
t h e  fundamental understanding necessary t o  p rov ide  s t i l l  g rea te r  advances i n  
performance. The s t r u c t u r e  and status o f  t h e  program a re  descr ibed i n  t h i s  
paper, and major r e s u l t s  o f  t he  1 kW c lass  ( l o w  power) and 30 kW c lass  ( h i g h  
power) experiments and s tud ies  a r e  summarized. 

An a r c j e t  i s  an e lec t ro the rma l  t h r u s t e r  wherein the p r o p e l l a n t  i s  heated 
by an e l e c t r i c  arc  as i l l u s t r a t e d  i n  f i g u r e  2. The high-temperature a rc  i s  
susta ined between the  t i p  o f  t he  thermionic cathode and the  anode. 
I n  the  convent ional  design ( f i g .  2 ( a ) ) ,  t he  a rc  i s  forced through the  con- 
s t r i c t o r  t o  a d i f f u s e  attachment i n  the supersonic p o r t i o n  o f  t he  nozzle.  
Thus, t h e  a rc  i s  kept  away from contact  w i t h  the  other  i n t e r n a l  surfaces o f  t he  

I d e a l l y ,  



engine, which alleviates the performance limitations due to material properties 
of the thruster. 
incorporates a mixing chamber between the anode attachment region and the noz- 
zle, as shown in figure 2 (b). Both the constricted arc and mixing chamber 
approaches are being investigated. 

An alternative to the conventional, constricted arc design 

The power available to auxiliary propulsion on communications satellites 
is currently limlted to about 0.5 to 1.5 kW. Arcjet thrusters operated with 
storable propellants in that power range should provide significant benefits 
to the user community. The simplicity of the arcjet system and its elements 
of commonality with state-of-the-art resistojet systems offer a relatively low 
risk transition to significantly enhanced performance levels. Successful per- 
formance of arcjets In such applications should validate performance and inte- 
gration approaches and increase the likelihood that the large benefits of 
arcjets, and other plas*ma thrusters, may be realized for many other missions. 
Arcjets at higher power levels on the order of 10 to 30 kW are potentially 
attractive for orbit transfer missions. Furthermore, with the anticipated 
development of space nuclear power systems, arcjets in the 100 kW range may 
become 
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viable. 

NOMENCLATURE 

acceleration due to gravity, 9.81 m/sec2 

speclfic impulse, T h g ,  sec 

specific impulse with no power, sec 

mass flow rate, kg/sec 

input power, W 

thrust, N 

PROGRAM 

It is the goal of this program to advance the technology of arcjet 
thruster systems and to demonstrate technology readiness for near-term applica- 
tions while also advancing the technology to enable development of more 
advanced thruster systems for future missions. 
four specific tasks, as described below. 

The program is organlzed into 

Task 1 - System Studies 

These are studles or trade analyses conducted at the, systems or subsystems 
level. Candidate propulsion systems, including arcjets and state-of-the-art 
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base l i ne  concepts a r e  compared t o  define b e n e f i t s  and i d e n t i f y  pac ing tech- 
nology needs. 
s p e c i f i c  f u t u r e  planned spacecraf t .  The subsystem s tud ies  a r e  conducted t o  
d e f i n e  s p e c i f i c  p ropu ls ion  requirements as w e l l  as i n t e r f a c e  c h a r a c t e r i s t i c s  
w l th  o the r  spacecraf t  subsystems. 

The missions se lected f o r  a n a l y s i s  i n c l u d e  b o t h  gener ic  and 

Task 2 - State-of - the-Ar t  Charac te r i za t i on  

This  e f f o r t  es tab l i shes  t h e  current  s t a t e - o f - t h e - a r t  f o r  both h i g h  and 
low power a r c j e t s .  
conducted by es tab l i shed  exper ts  I n  the f i e l d .  
t h r u s t e r s  a r e  inc luded t o  e s t a b l i s h  l i f e t i m e  and performance basel ines.  

Inc luded a r e  l i t e r a t u r e  survey a c t i v i t i e s  and seminars 
Some experiments on e x i s t i n g  

Task 3 - A r c j e t  Research and Technology 

This  category o f  work inc ludes both a n a l y t i c a l  and exper imental  a c t i v i t l e s  
d i r e c t e d  a t  t he  process phenomena and component f u n c t i o n  l e v e l .  Appl led 
research i s  underway t o  develop an understanding o f  t he  phys i ca l  processes 
t h a t  l i m i t  component operat ion.  
parametr lc  data base on component performance, t o  develop engineer ing design 
t o o l s ,  and t o  op t im ize  component designs. 

Technology e f f o r t s  a r e  underway t o  develop a 

Task 4 - Systems Technology 

This  e f f o r t  i s  p r i m a r i l y  experimental, i n v o l v i n g  "breadboard" o r  "brass- 
board" p ropu ls lon  systems and poss ib ly  f l l g h t  t e s t s .  C r i t i c a l  components a re  
o f  an engineer ing model o r  f l i g h t - t y p e  m a t u r i t y .  Tes t i ng  i s  conducted t o  
d e f i n e  component i n t e r f a c e  problems, component i n t e r a c t i o n s ,  and system l e v e l  
performance f o r  a n t i c i p a t e d  f l i g h t  operat ing cond i t i ons ,  i n c l u d i n g  l i f e t i m e ,  
du ty  cyc le ,  and e f f l u e n t  e f f e c t s .  

Status 

Several system studies have been performed, and the  S t a t e - o f - t h e - a r t  
c h a r a c t e t l z a t i o n  i s  e s s e n t i a l l y  complete. The a r c j e t  research and technology 
i s  underway i n  government l abo ra to r ies ,  i n  i n d u s t r y  and i n  academe. The 
accomplishments o f  t h l s  e f f o r t  a r e  being incorporated i n t o  t h e  i n i t i a l  systems 
technology e f f o r t s .  Where appropr ia te i n  the  f o l l o w i n g  d i scuss ion  the r e s u l t s  
a r e  d i v i d e d  i n t o  low-power ( a u x i l i a r y  p ropu ls ion )  and high-power (pr imary 
p ropu ls ion )  classes. 

SYSTEM STUDIES 

Primary Propuls ion 

Several s tud ies  o f  a r c j e t  o r b i t  t r a n s f e r  mlsslons have been conducted 
Nordley and Vondra i n d i c a t e  t h a t  h igh  performance ammonia ( r e f s .  3 t o  6 ) .  

(Isp > 1000 sec) and hydrogen (Isp >1500  sec) a r c j e t s  a r e  a t t r a c t i v e  f o r  
a number o f  o r b i t  t r a n s f e r  missions ( r e f .  3 ) .  More s p e c i f i c a l l y ,  s i g n i f i c a n t  
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cos t  savings may be r e a l i z e d  f o r  t h e  Global P o s i t i o n i n g  System through the  
a p p l i c a t i o n  of a 900-sec ammonia a r c j e t  t o  t h e i r  o r b i t  t r a n s f e r  miss ion 
requirements. 
(Isp = 650 sec) f o r  ammonia, Wang and S ta lge r  show t h a t  a r c j e t s  cou ld  be of 
i n t e r e s t  f o r  Space-Based Radar o r b i t  t r a n s f e r  ( r e f .  4 ) .  
t h a t  a r c j e t s ,  as w e l l  as i o n  engines, a r e  v i a b l e  candidates f o r  the SP-100 
Reference Mission, demonstrat ing e l e c t r i c  p ropu ls ion  i n  con junc t i on  w i t h  a 
100-kW c lass  space nuc lear  power system ( r e f .  5 ) .  

Even us ing  more a conservat ive performance est imate 

Hardy, e t  a l . ,  show 

A u x i l i a r y  Propuls ion 

Low-power hydrazine a r c j e t s  a r e  very a t t r a c t i v e  f o r  North-South s t a t i o n  
keeping on communications s a t e l l i t e s  because o f  t he  reduced p r o p e l l a n t  r e q u i r e -  
ments ( r e f .  7 ) .  Studies conducted by i n d u s t r y  ( r e f s .  8 and 9) a r e  i n  agreement 
w i t h  these resu l t s .  A r c j e t s  o f f e r  severa l  years o f  s a t e l l i t e  l i f e  extens ion 
r e l a t i v e  t o  s t a t e - o f - t h e - a r t  e lec t ro the rma l  ( r e s i s t o j e t )  systems ( r e f .  7 ) ,  as 
shown i n  f i g u r e  3. The a r c j e t  performance b e n e f i t  could a l t e r n a t i v e l y  be 
app l i ed  t o  adding transponders o r  reducing launch weight,  b u t  these a l t e r n a -  
t i v e s  do n o t  appear as a t t r a c t i v e  as l i f e  extension, as shown i n  f i g u r e  4 
( r e f .  7 ) .  

STATE-OF-THE-ART CHARACTERIZATION 

The r e k i n d l i n g  o f  I n t e r e s t  i n  a r c j e t s  necess i ta tes a rev iew o f  e a r l i e r  
work, conducted p r i m a r i l y  i n  t h  1960's. 
Czika ( r e f .  10) summarized the s t a t e - o f - a r t  i n  1965. M o s t  o f  these e f f o r t s  
focussed on the cons t r i c ted -a rc  approach ( f i g .  2 ( a ) ) .  Power l e v e l s  I n v e s t i -  
gated ranged f r o m  1 t o  200 kW w i t h  p r o p e l l a n t s  i n c l u d i n g  hydrogen, ammonia, 
l i t h i u m  hydr ide,  and methane. The most promising performance and l i f e  r e s u l t s  
were i n  the 10 t o  30 kW range. Although nozzle and e l e c t r o d e  e ros ion  were 
unresolved issues, one 30-kW t e s t  ran  cont inuously  f o r  500 hr ,  ( r e f .  11) and 
another ran i n t e r m i t t e n t l y  a t  30 kW u n t i l  being v o l u n t a r i l y  terminated w i t h  
720 h r  o f  operat ion ( r e f .  12) .  Th is  era o f  a r c j e t  research and development 
was terminated because o f  l ack  o f  s u f f i c i e n t  e l e c t r i c  power i n  space and the  
absence o f  near-term miss ion requirements. However, d u r i n g  t h e  l a t e  1960's 
and through the  1970's, cons iderable research was conducted on high-pressure 
a rc  heaters ( r e f .  13).  

A comprehensive rev iew by Wallner and 

P r  1 ma r y P r  opu 1 s 1 on 

During t h e  1950's and e a r l y  1960's,  a r c j e t  research and development 
emphasized primary p ropu ls ion  a p p l i c a t i o n s  a t  power l e v e l s  approximately 30 kW. 
With hydrogen as the p r o p e l l a n t ,  s p e c i f i c  impulse was i n  t h e  900 t o  1500 sec 
range, and e f f i c i e n c i e s  o f  0.40 and h igher  were repor ted,  w i t h  0.55 e f f i c i e n c y  
us ing regenerat ive coo l i ng .  Short- term (approx imate ly  50 h r )  s t o r a b l e  propel -  
l a n t  t e s t s  were a lso performed w i t h  ammonia. 

L i f e  t e s t  o f  1960's d e s i s .  - A s i g n i f i c a n t  parameter o f  s t a t e - o f - t h e  a r t  
a r c j e t s  which had t o  be determined was l i f e t i m e .  
convent ional  cons t r i c ted  designs f o r  ammonia a r c j e t s ,  t he  J e t  Propuls ion 
Laboratory recen t l y  performed an a r c j e t  l i f e  t e s t  under c o n t r a c t  t o  the  A i r  

Using one o f  the bes t  1960s 
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Force ( r e f s .  14 t o  17) .  Because o f  i t s  r e l i a b l e  performance d u r i n g  a 50-hr 
t e s t  i n  t h e  1960s, t h e  AVCO Corporation R-3 engine was selected. Improved 
s e a l i n g  techniques were used i n  f a b r i c a t i n g  the  a c t u a l  engine used i n  t h e  l i f e  
t e s t ,  as t h e  o lde r ,  p r e v i o u s l y  used techniques were a p r imary  cause o f  f a i l u r e s  
on e a r l i e r  l i f e  t e s t s .  Where poss ib le ,  sea ls  were avoided a l t o g e t h e r  through 
the  means o f  s i n g l e  p iece  cons t ruc t ion .  The cathode and t h e  anode - -  c o n s i s t -  
i n g  o f  t h e  plenum chamber, c o n s t r i c t o r  and nozz le  - -  were cons t ruc ted  o f  
2 percent  t h o r i a t e d  tungsten. 
boron n i t r i d e .  The remainder o f  t h e  t h r u s t e r  body and e lec t rode  support  
f ea tu res  were made o f  t i t an ium,  inconel  and molybdenum. Dur ing  opera t ion ,  
c o o l i n g  was prov ided regenera t i ve l y  by the  p r o p e l l a n t  and r a d i a t i v e l y  by the  
anode. The a r c j e t  was operated i n i t i a l l y  a t  approximately 28.6 kW - -  265 A 
and 108 V -- and w i t h  a p r o p e l l a n t  mass f l o w  o f  approximately 0.25 g/sec. I t  
was found t h a t  excessive cathode erosion was o c c u r r i n g  a t  t h i s  power l e v e l .  
l h e r e f o r e ,  t he  power was reduced t o  approximately 25.1 kW - -  210 A and 120 V - - 
and t h e  mass f l o w  increased t o  approximately 0.27 g/sec. The h igher  vo l tage  
requ i red  a t  the  lower power l e v e l  i s  due t o  the  decrease I n  plasma temperature 
and subsequent decrease i n  p r o p e l l a n t  c o n d u c t i v i t y .  The engine was operated 
a t  these cond i t i ons  u n t i l  i t  f a i l e d  a f t e r  573 h r .  A t  t he  t ime o f  f a i l u r e ,  the  
engine was s t i l l  ope ra t i ng  a t  an e f f i c i e n c y  o f  35 percent and a s p e c i f i c  
impulse o f  approximately 800 sec. 

The plenum backp la te  was made o f  h i g h  p u r i t y  

Lessons learned. - While the  goal o f  1500 h r  was no t  reached, s i g n i f i c a n t  
lessons were learned from the  l i f e  t e s t  and a re  descr ibed i n  t h e  f o l l o w i n g  
paragraphs. 

F a c i l i t y :  F a c i l i t y  problems cont inue t o  be a major obs tac le  t o  long te rm 
t e s t i n g .  Four system shutdowns occurred r e s u l t i n g  f rom var ious  f a i l u r e s  o r  
breaks i n  f a c i l i t y  subsystems. During r e p a i r  o f  a s p l i t  i n  t h e  s i l i c o n e  rubber 
i n s u l a t i o n  o f  t h e  bus bars a t  369 hr i n t o  the  t e s t  i t  was discovered t h a t  per-- 
formance data had been degraded s ince  the  150th h r  because o f  t h e  e f f e c t  o f  
s i l i c o n e  o i l  s o l i d i f i c a t i o n  on t h r u s t  measurements. Cor rec t i on  o f  t he  s o l i d i -  
f i c a t i o n  problem re tu rned the  performance ou tpu t  t o  l e v e l s  experienced some 
200 h r  e a r l i e r ,  i n d i c a t i n g  t h a t  t h e  degradation had been apparent on ly .  

t h e  t e s t .  l h i s  e ros ion  was f i r s t  noted and photographed when the  t e s t  was 
i n t e r r u p t e d  a t  t h e  109-hr p o i n t  due t o  a f a c i l i t y  f a i l u r e .  The t i p  o f  the  
cathode had eroded i n t o  a concave c a v i t y  and was surrounded on i t s  per iphery  
by a s t r u c t u r e  o f  c r y s t a l i n e  growth. The change I n  the  anode was i n  the  form 
o f  an inc rease i n  c o n s t r i c t o r  diameter. I t  i s  suspected t h a t  the eros ion  was 
a c o n t r i b u t i n g  f a c t o r  t o  v a r i a t i o n s  i n  t h r u s t e r  e f f i c i e n c y  which were observed 
i n  t h e  l a t t e r  p o r t i o n  o f  t he  t e s t .  A s  c r y s t a l  growth continued, longer seg- 
ments o f  t h e  c r y s t a l s  melted and formed i n t o  smal l  b a l l s .  These b a l l s  were 
then thrown o f f  o f  t h e  cathode and impacted on t h e  w a l l s  o f  t h e  nozzle. 
Ser ious e ros ion  occurred t o  t h e  boron n i t r i d e  p r o p e l l a n t  i n j e c t o r .  Th is  
damage was unexpected, based on previous t e s t s ,  and no cause f o r  the  e ros ion  
has y e t  been determined. 

Erosion: Gradual e ros ion  o f  t he  cathode t i p  and anode occurred throughout 

Terminat ion:  Automatic shutdown a t  t he  573 h r  PO 
from c r y s t a l  growth which pe rm i t ted  a h i g h  c u r r e n t  a rc  
the  opera t i ng  vo l tage below t h e  minimum acceptable. V 
t h r u s t e r  a t  t h a t  t ime revealed no serious damage. I n  
the  engine a f t e r  t h e  i nspec t i on ,  serious damage t o  t h e  

n t  probably r e s u l t e d  
t o  the  anode, reducing 
sua1 i n s p e c t i o n  o f  t he  
the .a t tempt  t o  r e s t a r t  
c o n s t r i c t o r  occurred and 
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t he  t e s t  was terminated. This  c r i t i c a l  damage t o  t h e  c o n s t r i c t o r  may have been 
due t o  t h e  me l t i ng  and e j e c t i o n  of c r y s t a l i n e  m a t e r i a l  from the  cathode, o r  t he  
damage could have r e s u l t e d  f r o m  the m e l t i n g  o f  t h e  sharp edges o f  cracks on t h e  
c o n s t r i c t o r  wa l l .  
c o n d i t i o n s  of the t h r u s t e r ,  could have opened d u r i n g  c o o l i n g  o f  t h e  t h r u s t e r  
a f t e r  shutdown. 

These cracks, w h l l e  completely c losed d u r i n g  h o t  ope ra t i ng  

M a t e r i a l :  Analysis o f  t h e  t h o r i a t e d  tungsten cathode a f t e r  t e r m i n a t i o n  
of t he  t e s t  i nd i ca ted  t h a t  t he  thor ium content  near and a t  a l l  e m i t t i n g  sur-  
faces was very low, p o s s l b l y  zero. Without deslgn changes which cou ld  resupply  
the  thor ium, users o f  such an a r c j e t  would have t o  consider t h a t  a f t e r  some 
opera t i ng  t ime  the cathode w i l l  be composed o f  pure tungsten. Eros ion o f  the 
c o n s t r i c t o r  occurred i n  t h e  reg ion  o f  arc  attachment. As  t h e r e  was l i t t l e  n e t  
mass l oss  f rom the anode, I t  appears t h a t  n e a r l y  a l l  o f  t he  m a t e r i a l  evaporated 
from the  c o n s t r l c t o r  was redeposi ted on t h e  coo le r  p o r t l o n s  o f  t he  nozz le w a l l .  
Some eros ion o f  t he  anode may be avoided through a d d i t i o n a l  c o o l i n g  i n  f u t u r e  
designs. 
l i f e  t e s t .  

E s s e n t i a l l y  no damage was experienced by the  plenum w a l l s  d u r i n g  the  

Performance: Comparison o f  the performance o f  t h i s  copy o f  t he  AVCO R-3 
engine w i t h  t h a t  achleved d u r i n g  the  1960s t e s t s  confirmed the  bas ic  ope ra t i ng  
regime o f  t h i s  device. E x t r a p o l a t i o n  o f  the JPL opera t i ng  cond i t i ons  t o  a 
30 kW power l e v e l  i n d i c a t e s  t h a t  t he  dev ice would produce 2.35 N (0.53 l b f )  a t  
970 sec s p e c i f i c  impulse and a t  an e f f i c i e n c y  o f  38 percent.  Whether l i f e -  
l i m i t i n g  eros ion problems a t  t h i s  h igher  power l e v e l  can be solved remains t o  
be seen. 

A u x i l i a r y  Propuls ion 

Although t h e  major emphasis o f  the e a r l y  a r c j e t  research and development 
e f f o r t  was on primary propuls ion,  some work was performed a t  power l e v e l s  
t y p i c a l l y  a v a i l a b l e  f o r  a u x i l i a r y  propuls ion.  The Plasmadyne Corporat ion b u i l t  
a 2-kW, rad ia t i on -coo led  hydrogen t h r u s t e r  system t h a t  was l i f e - t e s t e d  f o r  
150 h r  a t  an e f f i c i e n c y  o f  0.30 and a s p e c i f i c  impulse of about 920 sec 
( r e f .  18 ) .  This t e s t  was v o l u n t a r i l y  terminated, and i n s p e c t i o n  showed l i t t l e  
e l e c t r o d e  wear. However, t he  Plasmadyne e f f o r t  was d iscont inued w i t h o u t  pur-  
su ing design opt imizat ion,  and very l i t t l e  experlence was obtained a t  lower 
power o r  w i t h  s torable p r o p e l l a n t s  such as ammonia o r  hydrazine. 

ARCJEr RESEARCH AND TECHNOLOGY 

Primary Propuls ion 

The high-power t h r u s t e r  program inc ludes two a r c j e t  performance and l i f e  
o p t i m i z a t i o n  e f f o r t s  ( r e f s .  19 and 20) and a f o l l o w - o n  e f f o r t  t o  design and 
f a b r i c a t e  a f l i g h t  type a r c j e t  f o r  a space t e s t .  
t he  h i g h  power a r c j e t  technology developed i n  the  1960s. 
was shelved because adequate space power was then unava i l ab le .  
t ime, n o t  on l y  has space power technology advanced, b u t  our understanding o f  
h i g h  temperature ma te r ia l s ,  gas dynamics, p r o p e l l a n t  handl ing,  system c o n t r o l s ,  
and d iagnos t i cs  has s i g n i f i c a n t l y  matured. Advances i n  these technologies have 
made new attempts a t  improving a r c j e t  performance and l i f e  extremely promising. 

A l l  t h ree  e f f o r t s  b u i l d  on 
The 1960s technology 

Since t h a t  
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Constr ic ted-arc  t h r u s t e r  improvements: Through performance mapping o f  
severa l  a r c j e t  designs, t he  r e l a t i o n s h i p  o f  ope ra t i ng  parameters I s  now much 
b e t t e r  understood. Work done t o  c o r r e l a t e  exper imental  performance da ta  w i t h  
a n a l y t i c a l  p r e d i c t i o n s  has enhanced our understanding o f  t he  fundamental pro-  
cesses i nvo l ved  and our a b i l i t y  t o  opt imize des i red performance c h a r a c t e r i s t i c s  
through a r c j e t  design. Comparison o f  exper imental  data t o  t h e  energy balance 
code A r c j e t  111 revealed t h a t  t he  presence o f  a d d i t i o n a l  hea t ing  o f  t h e  gas by 
the  a rc  beyond the  c o n s t r i c t e d  reg ion  accounted f o r  p r e v i o u s l y  experienced 
performance p r e d i c t i o n  e r r o r s .  On the o the r  hand, d iscrepancies due t o  errone- 
ous assumptions i n  the e l e c t r i c a l  c o n d u c t i v i t y  o f  t he  gas were determined t o  
be minimal.  Trends i n  the e f f i c i e n c y  o f  coup l i ng  the e l e c t r i c a l  power i n t o  the 
gas were a l s o  determined. It was found t h a t  e f f i c i e n c y  dropped as the i n p u t  
power was increased from a s t a r t i n g  value o f  approximately f i v e  k i l o w a t t s .  
This was due p r i m a r i l y  t o  t h e  Increased I o n i z a t i o n  and d i s s o c i a t i o n  losses. 
Thermal and nozz le losses played a lesser r o l e  i n  the  decrease i n  e f f i c i e n c y .  
General ly,  as power was increased the  a rc  c u r r e n t  a l s o  rose, w h i l e  the  vo l tage  
decreased. 
a t  h ighe r  power l e v e l s .  So, as t h e  l e v e l  o f  i n p u t  power was increased, the  
incrementa l  g a i n  i n  t h r u s t  d iminished, and was r e f l e c t e d  I n  lower s p e c i f i c  
impulse values. While the c o r r e l a t i o n  o f  e f f i c i e n c y  t o  i n p u t  power was n o t  as 
c l e a r  as t h a t  o f  the s p e c i f i c  impulse, i t  tended t o  g e n e r a l l y  f o l l o w  t h e  oper- 
a t i n g  vo l tage  l e v e l .  These r e l a t i o n s h i p s  confirmed t h a t  a m in ima l l y  i o n i z e d  
gas w i l l  m o s t  e f f e c t i v e l y  t r a n s f e r  i t s  energy t o  t h r u s t .  The i n f o r m a t i o n  
gained and confirmed through these experiments s t r o n g l y  suggests t h a t  long, 
h i g h  impedence arcs a re  most e f f e c t i v e  i n  hea t ing  p r o p e l l a n t s  i n  a r c j e t s .  

These r e l a t i o n s h i p s  a r e  due t o  the  increased I o n i z a t i o n  t h a t  occurs 

A u x i l i a r y  Propuls ion 

S t a b i l i t y .  - The convent ional  cons t r i c ted -a rc  t h r u s t e r  does n o t  always 
opera te  i n  t h e  p r e f e r r e d  h igh -vo l tage  mode i l l u s t r a t e d  i n  f i g u r e  5(a).  
"h igh "  mode, ope ra t i on  i s  s t a b l e  and nondamaging and the ISp i s  high. I n  
the  low mode ( f i g .  5 ( b ) ) ,  the attachment i s  a t  t he  upstream end o f  the con- 
s t r i c t o r  i n  a spot; t h i s  mode i s  character ized by unsteady operat ion,  r a p i d  
e ros ion  o f  t he  c o n s t r i c t o r ,  and l o w  Is . One way t o  s t a b i l i z e  ope ra t i on  i n  
the  ' 'high1t mode i s  t o  impar t  a vor tex fyow p a t t e r n  t o  the p r o p e l l a n t  e n t e r i n g  
the a rc  chamber ( f i g .  6(a))  ( r e f s .  10, 21 and 22) .  This forces a r e g i o n  o f  low 
pressure on the  c e n t e r l i n e ,  thereby c r e a t i n g  a path o f  h i g h  e l e c t r i c a l  conduc- 
t i v i t y  f o r  t he  arc  i n  the des i red  l o c a t i o n .  This a l s o  prov ides t h e  b e n e f i t  o f  
c e n t r i f u g i n g  the cooler ,  more dense gas t o  the w a l l s  ( r e f .  21) .  

I n  t h i s  

A water-cooled a r c j e t  s imu la to r  i s  used t o  i n v e s t i g a t e  f l o w  and geometric 
v a r i a t i o n s  us ing  n i t r o g e n  t o  s imulate s t o r a b l e  p r o p e l l a n t s .  Both a x i a l  and 
t a n g e n t i a l  i n l e t s  a re  use t o  c o n t r o l  s w i r l  s t reng th .  I t  i s  found t h a t  tangen- 
t i a l  i n j e c t i o n  o f  the p r o p e l l a n t  produces s t a b l e  ope ra t i on  i n  the h i g h  mode. 
Once t h i s  c o n d i t i o n  i s  estab l ished,  a x i a l  f l o w  can be added whlch extends the  
range o f  s t a b l e  operat ion w i t h  l i t t l e  e f f e c t  on performance. The range o f  
s t a b l e ,  h i g h  mode operat ion i s  shown 'tn f i g u r e  6(b),  where i n p u t  power i s  
p l o t t e d  aga ins t  c o n s t r i c t o r  diameter. 
obta ined w i t h  hydrogen a r c j e t s  i n  the 1960's i s  shown f o r  comparison. Power 
l e v e l s  f o r  s t a b l e  operat ion a r e  now i n  t he  range a v a i l a b l e  f o r  p ropu ls ion  on 
communications s a t e l l i t e s .  This tangen t ia l  I n j e c t i o n  f e a t u r e  is u t i l i z e d  in 
h o t - w a l l  t h r u s t e r  designs. 

Resul ts o f  demonstrated s t a b l e  ope ra t i on  

7 
y 

I 



Constr icted-arc t h r u s t e r  performance. - Performance data a r e  presented 
over a wide range o f  power, f l ow  r a t e ,  and geometric parameters. P rope l l an ts  
i nc lude  hydrazine, ammonia, n i t rogen ,  hydrogen, and var ious gas mixtures.  The 
s p e c i f i c  impulse a t t a l n a b l e  as a f u n c t i o n  o f  s p e c i f i c  power i n p u t  i s  shown I n  
f i g u r e  7 .  Results f o r  p r o p e l l a n t  grade hy raz ine  f rom a f l i g h t - t y p e  gas genera- 
t o r  a re  shown i n  f i g u r e  7(a),  ( r e f s .  23 and 24) demonstrat ing a c a p a b i l i t y  o f  
ISp > 700 sec. Changes i n  geometry have l i t t l e  e f f e c t  on performance, b u t  
may i n f l u e n c e  the s t a b l e  operat ing range. Resul ts  f o r  s imulated hydrazine gas 
mixtures ( f i g .  7 (b ) ,  r e f s .  22, 25 and 26) show the  same t rends , b u t  a t  
s l l g h t l y  lower ISp; t h i s  i s  due t o  t he  h igh  p r o p e l l a n t  i n l e t  temperature f o r  
hydrazine. (The i n f l u e n c e  o f  aging o f  t he  c a t a l y t i c  gas generator on the  com- 
p o s i t i o n  o f  the p r o p e l l a n t  e n t e r i n g  the  t h r u s t e r  i s  a l s o  under i n v e s t i g a t i o n  
( r e f s .  26 and 2 7 ) ) .  The simulated ammonia ( f i g .  7 ( c ) )  ( r e f s .  22, 25 and 26) 
r e s u l t s  show s i m i l a r  t rends a t  h igher  
decreased molecular mass. The r e l a t l v e l y  low Isp data seen a t  h igh  P/h 
were obtained a t  l o w  mass f l o w  and, t he re fo re ,  low Reynolds number. 

Isp l e v e l s ,  c o n s i s t e n t  w l t h  the  

O f  p a r t i c u l a r  i n t e r e s t  t o  spacecraf t  designers a r e  thrust- to-power r a t i o ,  
T/P,  and t h r u s t  e f f i c i e n c y ,  n, as a f u n c t i o n  o f  ISp. The r e s u l t s  o f  
f i g u r e  7 a r e  r e p l o t t e d  I n  these t e r m s  i n  f i g u r e s  8 and 9, r e s p e c t i v e l y .  An 
extens ive c a l o r i m e t r i c  data base from t h e  water-cooled s imu la to r  ( r e f .  21) i s  
a l s o  a v a i l a b l e  and i s  being used t o  model t he  energy l oss  mechanisms. 

A r c j e t s  operate a t  Reynolds numbers considerably  lower than even low 
t h r u s t  chemical engines. This i s  i l l u s t r a t e d  i n  f i g u r e  10, where Reynolds 
number i s  p l o t t e d  against  t h r u s t  f o r  a number o f  s p e c i f i c  engines. 
bined viscous and c o m p r e s s i b i l i t y  e f f e c t s  lead t o  l a r g e  losses, ( r e f .  28) t h i c k  
boundary layers,  and steep gradients .  Experiments a re  d i f f i c u l t  because o f  the 
very small  dimensions and tolerances, the chal lenge o f  measuring low t h r u s t s  
accurate ly ,  and background pressure and pumping speed l i m i t a t i o n s  ( r e f .  29). 
Computations are a l s o  d i f f i c u l t  and t i m e  consuming, w i t h  the  t reatment of e x i t  
cond i t i ons  f o r  the mixed subsonic/supersonic f l o w  a major problem. 

The com- 

Constr icted-arc t h r u s t e r  l i f e .  - L i m i t a t i o n  o f  t h r u s t e r  l i f e ,  p r i m a r i l y  
r e s u l t i n g  from e lec t rode  erosion, i s  a major t e c h n i c a l  issue f o r  low-power 
a r c j e t s .  Stable ope ra t i on  achieved w i t h  vo r tex  f l o w ,  as discussed e a r l i e r ,  and 
w i t h  c a r e f u l  s t a r t i n g  techniques i s  e f f e c t i v e  i n  m in im iz ing  damage ( r e f s .  30 
and 31). The e f f e c t  o f  s t a r t i n g  on anode damage can be seen i n  f i g u r e  11, 
which shows the e f f e c t  o f  30 s t a r t s  on two d i f f e r e n t  anodes, one run w i t h  a 
weak vo r tex  and unregulated c u r r e n t  t r a n s i e n t s ,  and the o the r  w i t h  a s t rong  
vo r tex  and cu r ren t  t r a n s i e n t  r e g u l a t i o n .  Much more damage i s  seen w i t h  the  
weak vor tex and poor r e g u l a t i o n .  Nondamaging s t a r t - u p  i s  q u i t e  c l e a r l y  depend- 
en t  on the  i n t e r a c t i o n  between the t h r u s t e r  and power processor, as discussed 
under S y s t e m  Technology. Fundamental cathode emission phenomena a r e  a l s o  under 
i n v e s t i g a t i o n ,  ( r e f .  32) and the p o t e n t i a l  usefulness o f  ho l l ow  cathodes 
assessed. Although ho l l ow  cathodes f u n c t i o n  very w e l l  a t  low pressures, such 
as i n  i o n  engines, s tab le,  l o n g - l i f e  ope ra t i on  has n o t  y e t  been achieved a t  the 
pressures required f o r  a r c j e t  ope ra t i on  ( r e f s .  33 and 34).  

M ix ing  chamber a r c j e t  r e s u l t s .  - The m ix ing  chamber concept ( f i g .  2 ( b ) )  
may o f f e r  some advantages over the  convent ional  approach, such as h ighe r  t h r u s t  
e f f i c l e n c y  and reduced plume/spacecraf t ' t n te rac t i ons .  However, t h e  r e s u l t s  
obtained w i t h  the  t h r u s t e r  shown i n  f i g u r e  12 a r e  not promis ing ( r e f .  35 ) .  
comparison o f  i t s  performance w l t h  t h a t  of t he  convent ional  design i s  shown i n  

A 

8 



f i g u r e  13. 
t h a t  o f  t h e  convent ional  design ( f i g .  13 ( a ) ) .  These poor performance r e s u l t s  
a r e  a l s o  shown i n  terms o f  T/P versus Isp ( f i g .  13(b))  and q versus 
ISp ( f i g .  1 3 ( c ) ) .  
by t h i s  t h r u s t e r ,  b u t  t he  performance was much lower than t h a t  o f  t h e  conven- 
t i o n a l  design. 

A t  t he  same s p e c i f i c  power the ISp i s  a t  l e a s t  60 sec l e s s  than 

Over 100 h r  o f  operat ion and many s t a r t s  were performed 

SYSTEMS 1ECHNOLOGY 

A t  t h i s  e a r l y  stage o f  t he  program, on l y  the  most c r i t i c a l  systems issues 
which a r e  t r a c t a b l e  a t  t h i s  stage have been approached. 

Primary Propuls ion 

A r c j e t  m i s s i o n  ana lys i s .  -. A misslon study has been performed f o r  t he  A i r  
Force t o  i d e n t i f y  t h e  optimum p rope l l an t ,  s p e c i f i c  impulse, and power l e v e l  f o r  
missions u t i l i z i n g  e l e c t r i c  propuls ion.  This  study w i l l  d i r e c t l y  i n f l u e n c e  the 
s e l e c t i o n  o f  t h e  p r o p e l l a n t  and power l e v e l  t o  be designed i n t o  t h e  A i r  Force’s 
h i g h  power advanced technology a r c j e t .  Both one-way and r o u n d - t r i p ,  i . e . ,  
reusable, p ropu ls ion  packages were examined, w i t h  the  e l e c t r i c  p ropu ls ion  
dev ice being powered by a nuc lear  power system. 

Power processing. Power must be t a i l o r e d  t o  a r c j e t  s ta r t -up ,  operat ion,  
and c o n t r o l  requirements. Toward t h a t  end, the Air Force has been developing 
an e l e c t r o n i c s  package f o r  a r c j e t  operat ion i n  space. This  e f f o r t  c o n s i s t s  o f  
the design, f a b r i c a t i o n ,  demonstration, and d e l l v e r y  o f  a f l i g h t - t y p e ,  reduced- 
weight power c o n d i t i o n i n g  u n i t  s u i t a b l e  f o r  space opera t i on  w i t h  a 30 kW-class 
a r c j e t .  The power c o n d i t i o n i n g  u n i t  w i l l  be capable o f  c o n t r o l l i n g  the  a rc  
c u r r e n t  and vo l tage  throughout the e n t i r e  l i f e  c y c l e  o f  t he  a r c j e t .  S p e c i f i -  
c a l l y ,  t h e  u n i t  must be capable o f  i g n i t i n g  the a r c j e t ,  c o n t r o l l i n g  t h e  i n i t i a l  
c u r r e n t  f o l l o w i n g  the  t r i g g e r  pulse,  and a l l o w i n g  t h e  c u r r e n t  t o  be ramped up 
t o  the nominal power l e v e l  a t  a prescr ibed r a t e .  The goals o f  t h i s  e f f o r t  a re  
t o  produce a u n i t  ope ra t i ng  a t  an e f f i c i e n c y  o f  98 percent  and a power t o  mass 
r a t i o  o f  0.2 kg/kWe. 
developed and proven f o r  NASA’s l o w  power a r c j e t s .  This e f f o r t  has success- 
f u l l y  demonstrated smooth s t a r t - u p  o f  a h i g h  power a r c j e t  w i t h  a s ingle-phase 
breadboard ( r e f .  20). 

The design c u r r e n t l y  being pursued uses technology 

A u x i l i a r y  Propuls ion 

-- Powerprocessing. - The power processer and i t s  i n t e g r a t i o n  w i t h  the 
t h r u s t e r  i s  c r i t i c a l  t o  o b t a i n i n g  r e l i a b l e ,  nondamaging s t a r t s  and stab.le 
s teady -s ta te  operat ion ( r e f s .  31 and 32, 36 t o  38). Thus, i t  i s  necessary t o  
develop and t e s t  bas ic  f l i g h t - t y p e  power c o n t r o l  c i r c u i t r y  a long w i t h  the 
exper imental  t h r u s t e r s .  This approach permi ts  the  determinat ion o f  i n t e r f a c e  
requirements and accelerates the  th rus te r  system o p t i m i z a t i o n  ( r e f .  36).  The 
design approach incorporates a c losed- loop c o n t r o l l e d ,  h i g h - e f f i c i e n c y ,  pulse- 
width-modulated power conver ter  w i t h  an i n t e g r a l  automatic s t a r t i n g  c i r c u i t .  
An i n d u c t o r  i n  se r ies  w i t h  the a r c j e t  serves the  dual  r o l e  o f  p r o v i d i n g  
instantaneous c u r r e n t  c o n t r o l  and a high-vol tage a rc  i g n i t i o n  pu lse  ( r e f .  36). 
This design approach g ives good performance w i t h  several  t h r u s t e r s  tes ted  
( r e f s .  36 t o  38). 
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Arc jet /sDacecraf t  i n t e r a c t i o n .  - Areas o f  concern w i t h  respect  t o  the  
I n t e g r a t i o n  o f  a r c j e t  t h r u s t e r s  onto spacecraf t  a re  thermal loading,  exhaust 
plume in te rac t i ons ,  and both conducted and rad ia ted  e lect romagnet ic  i n t e r f e r -  
ence (EMI). Thermal load ing  i s  a func t i on  of i n d i v i d u a l  system design and 
plume c h a r a c t e r i s t i c s .  Improvements i n  t h r u s t e r  and power processor e f f i c i e n c y  
w i l l  reduce the heat load which must be handled by the  spacecraf t  thermal con- 
t r o l  system. Plume i n v e s t i g a t i o n s  are  underway, and p r e l i m i n a r y  r e s u l t s  a re  
a v a i l a b l e  ( r e f .  39).  EM1 concerns must be addressed, bu t  exper ience based on 
space t e s t s  w i t h  more h i g h l y  i on i zed  plumes i n d i c a t e s  t h a t  any problems should 
be minor ( r e f .  40). 

CONCLUDING REMARKS 

The f e a s i b i l i t y  o f  low-power a r c j e t s  f o r  such a p p l i c a t i o n s  as s a t e l l i t e  
s ta t ionkeep ing  i s  es tab l i shed.  S tab le  and nondamaging s t a r t i n g  and steady 
s t a t e  opera t ion  have been achieved w i t h  vo r tex  p r o p e l l a n t  f l o w  i n t o  the  
t h r u s t e r  and ca re fu l  i n t e g r a t i o n  o f  the  t h r u s t e r  and power processor. Spec i f i c  
impulses up t o  730 sec have been demonstrated f o r  a t h r u s t e r  i n t e g r a t e d  w i t h  a 
f l i g h t - t y p e  p rope l l an t  system. L i f e t i m e  has been demonstrated i n  excess o f  
100 h r  w i t h  25 s t a r t s  a t  s p e c i f i c  impulse over 400 sec. I n  p u l s i n g  operat ion,  
w i t h  3-sec on and 3-sec o f f ,  over 11 000 pulses were demonstrated. 

A t  h igher  power l eve l s ,  t he  l i f e  o f  a 25-kW c lass  ammonia a r c j e t  i s  demon- 
s t r a t e d  t o  be over 550 h r  a t  a s p e c i f i c  impulse o f  800 sec, and power processor 
development i s  underway. 

The i n v e s t i g a t i o n  of  c r i t i c a l  i n t e g r a t i o n  issues i s  i n  progress.  Pros- 
pects appear good f o r  near - te rm a p p l i c a t i o n s  o f  a r c j e t s  t o  s a t e l l i t e  s t a t i o n -  
keeping. This  should he lp  lower the  b a r r i e r s  t o  a p p l i c a t i o n  o f  h igher  power 
a r c j e t s  and other types o f  e l e c t r i c  p ropu ls ion  t o  pr imary p ropu ls ion .  
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